The organization of body representations in the adult brain has been well documented.
| INTRODUC TI ON
The way in which the human body is represented in the adult brain is well documented and has been the source of key findings in cognitive neuroscience. Much of the work in this area has focused on neural representations in primary somatosensory cortex (S1), in which the body surface is represented in an orderly fashion along the postcentral gyrus. This somatotopic organization was initially identified using intracranial electrical stimulation in patients undergoing neurosurgery (Penfield & Boldrey, 1937; Penfield & Rasmussen, 1950) , which provided data for the classic 'homuncular' maps in human sensorimotor cortex. Subsequent work has continued to elucidate the representation of the body in the adult brain using noninvasive methods such as functional magnetic resonance imaging (fMRI; Keysers, Kaas, & Gazzola, 2010; Martuzzi, van der Zwaag, Farthouat, Gruetter, & Blanke, 2014) , magnetoencephalography (MEG; Hari et al., 1993; Nakamura et al., 1998; Yang, Gallen, Schwartz, & Bloom, 1993) , and electroencephalography (EEG; Heed & Röder, 2010; Pfurtscheller, Neuper, Andrew, & Edlinger, 1997) .
Taken together, the findings from adult participants have established that the feet are represented medially (within the longitudinal fissure), followed (in a medial to lateral direction) by the trunk, upper limbs, hands, lips, and tongue in primary somatosensory (S1) and motor (M1) cortices. Although much research has focused on these somatotopic maps (see Kaas, Jain, & Qi, 2002 , for work with nonhuman animals), neural body maps have also been identified in other areas of the adult human brain (e.g. Cunningham, Machado, Yue, Carey, & Plow, 2013; Fornia et al., 2018; Hari et al., 1993) .
The neural body maps in S1 and M1 have long been known to be involved in one's own body awareness and actions. More recent work has suggested that they may also be involved in social perception.
Neuroimaging studies with adults have reported somatotopic activation in premotor cortex during the observation of actions produced by other people (Buccino et al., 2001; Wheaton, Thompson, Syngeniotis, Abbott, & Puce, 2004) . Other studies with adults have shown that observing another person being touched is associated with activation of the observer's own somatosensory cortex (Bolognini, Rossetti, Fusaro, Vallar, & Miniussi, 2014; Gillmeister, Bowling, Rigato, & Banissy, 2017; Keysers et al., 2010; Kuehn, Mueller, Turner, & SchutzBosbach, 2014 ; Meyer, Kaplan, Essex, Damasio, & Damasio, 2011; Pihko, Nangini, Jousmäki, & Hari, 2010; Schaefer, Heinze, & Rotte, 2012) . Such vicarious activation has been hypothesized to facilitate social cognition by enabling observers to relate to the bodily experiences of others (e.g. Hari & Kujala, 2009; Keysers et al., 2010; Meltzoff, Ramírez, Saby, Larson, Taulu, & Marshall, 2018 ).
| Human infant social-cognitive neuroscience
Despite an extensive literature on adults, surprisingly little attention has been given to the development of representations of the body in the human infant brain . Work with infants at about 1 year of age has suggested that they possess at least grossly organized neural body maps and, moreover, that these maps may have interpersonal properties akin to those in adults. These studies have mainly focused on the spatial distribution of mu rhythm desynchronization while infants performed (and observed) actions carried out with different body parts. Consistent with adult work, desynchronization of the mu rhythm in the central region was greater over lateral electrode sites (e.g. C3 and C4) in the contralateral hemisphere when infants performed right or left hand actions, and was greater over more medial sites (e.g. Cz) when they performed foot actions (de Klerk, Johnson, & Southgate, 2015; . The mu rhythm was also found to show this response pattern when 14-month-old infants simply observed an experimenter performing hand and foot actions .
This line of work on actions has been extended to examine infants' neural responses to observing another person's body being touched. In an MEG study with 7-month-old infants, Meltzoff et al. (2018) showed that watching another person's hand or foot being touched, even in the absence of infants being touched themselves, activated the infant's own somatosensory cortex. Taken together with the infant mu rhythm findings, this work motivates future studies examining the development of neural body representations and their potential role in early social-cognitive development. It also complements an emerging literature using behavioral measures (Bhatt, Hock, White, Jubran, & Galati, 2016; Somogy et al., 2017) that, together with the developmental neuroscience work, can inform our understanding of the infant body schema-a construct that refers to sensorimotor representations of the body that guide actions (Gallagher, 2005) .
How early in development can we measure infant brain activity in response to tactile stimulation? A study with preterm infants (Milh et al., 2007) suggested that touching infants' hands and feet was associated with increased oscillatory activity in the EEG signal over lateral and midline central electrodes, respectively. This work had a number of limitations, including a small sample size, relatively uncontrolled tactile stimulation, and interpretations based on visible responses in the EEG record without conventional averaging and statistical analyses. Other studies of neural responses to tactile stimulation in the first half-year of life, while employing more rigorous designs and analyses, have relied on tactile stimulation of a single body part, typically the infant's hand (Nevalainen, Lauronen, & Pihko, 2014; Pihko et al., 2004; Rigato, Begum Ali, van Velzen, & Bremner, 2014) . These studies have consistently found responses at central sites contralateral to the hand stimulated, which fits with the results from experiments with adults (Hari et al., 1993; Hari & Forss, 1999) . A fuller understanding of the development of neural body maps in infancy requires experiments testing the spatial distribution of neural responses to tactile stimulation of multiple body parts. Saby, Meltzoff, and Marshall (2015) carried out one such experiment by comparing evoked responses to punctate tactile taps to left and right hands and feet in 7-month-old infants. Statistical analyses of the somatosensory evoked potential (SEP) waveforms focused on a prominent positive component that peaked around 175 ms and was strongest over central electrode sites. As expected, the amplitude of this response to hand stimulation was greater at central sites contralateral to the side of stimulation (C3 or C4) than at the midline electrode (Cz). For stimulation of the feet, the amplitude was greater over the midline site than at the lateral sites. This suggests that measuring neural responses elicited by punctate touches of body parts may be a useful technique for exploring the development of infant neural body representations.
| Rationale for current experiment
In the current study, we modified the methods used by Saby et al. (2015) to examine neural representations of multiple body parts in a much younger age group, 60-day-old infants. This age was chosen because it is prior to the time that infants begin to systematically use their hands to reach for external objects, which begins at around 20 weeks of age, and is prior to the time they use their feet for locomotion. We also extended previous studies by assessing a body part that has heretofore not been explored-infants' lips. Representations of the lips are important given the centrality of lips to infant survival (sucking), language (speech articulations), affective behavior (emotional expressions), and preverbal social-communication (imitation of
RESEARCH HIGHLIGHTS
• The neural correlates of the sense of touch have been understudied in infancy.
• We used tactile stimulation of three body parts to investigate the representation of the body in 60-day-old human infants.
• Tactile stimulation of infant lips, hands, and feet elicited distinguishable signatures in the infant EEG.
• Neural body representations are hypothesized to be a key component of infant imitation.
• Examining infant neural body representations sheds light on the earliest sense of self and foundations for social cognition.
facial acts in parent-child gestural interactions). The neural representation of infant lips is also interesting because although 60-day-olds will have seen their hands and feet as they contact objects, their own lips remain invisible to them. The current experiment provides the first assessment of multiple body parts including lips, hands, and feet, in a within-subjects design, in human infants as young as 60 days old.
Tactile stimulation was delivered to the left hand, left foot, and midline of the upper lip of the infant participants. Based on the organization of the somatosensory cortex in adults, and prior work with older infants, we expected that neural responses to left hand stimulation would be maximal over lateral central electrode sites in the contralateral (right) hemisphere, and that responses to left foot stimulation would be maximal over midline electrode sites. In contrast, responses to midline lip stimulation were expected to be bilaterally represented across the central region, in line with adult studies (Hashimoto, 1988; Hoshiyama et al., 1996; Tamura, Shibukawa, Shintani, Kaneko, & Ichinohe, 2008) . We further hypothesized that stimulation of infants' lips would be associated with a particularly prominent response in the infant SEP.
A complete design would include stimulation of left and right hands, left and right feet, as well as lips; however, due to time constraints in working with 60-day-old infants, we stimulated only one hand and one foot in addition to the infants' lips. As noted above, prior infant studies have consistently indicated that evoked responses to hand stimulation are contralateral to the hand touched (Nevalainen et al., 2014; Pihko et al., 2004; Rigato et al., 2014; Saby et al., 2015) . Considering this and the expectation that stimulation of both feet would be associated with activation of the same midline electrode sites (see results in Saby et al., 2015) , we chose to stimulate only one side of the body in order to maximize the likelihood of obtaining sufficient trial numbers for all three body parts tested (hand, foot, and lip) within one session using the within-subjects design.
| MATERIAL S AND ME THODS

| Participants
Infants were recruited through a central subject pool at the university. Soon after birth, parents were sent a postcard inviting them to participate in infant studies. Parents who returned the card were entered into a computerized list and contacted later to solicit participation. Families received a nominal gift for participating. Predetermined criteria used for recruiting infants into the study were: normal gestational age (± 3 weeks of due date), typical birth weight (2.5-4.5 kg), and no medical or developmental problems according to parental report. Recruitment and experimental procedures were approved by the University Institutional Review Board and parental informed consent was obtained prior to data collection.
Data analyses are based on 25 8-week-old infants tested in a narrow age range to reduce intersubject variance (M age = 58.48 days, SD = 3.31, range 52-64 days; 9 males). An additional 16 infants participated, but did not provide a sufficient number of trials (at least 30) in one or more conditions due to early termination of the protocol/fussiness (n = 7) or excessive EEG artifact (n = 9). The criterion for the minimum number of accepted trials was set prior to the start of the study, based on pilot work showing that approximately 30 trials yielded an acceptable signal-to-noise ratio in the infant SEP using the current methods. The use of 30 trials also comports with the number of accepted trials reported in previous EEG literature on somatosensory responses in infants (Saby et al., 2015) . The rate of attrition in this study is consistent with existing electrophysiology studies in the age range tested here (e.g. He, Hotson, & Trainor, 2009; Mai et al., 2012; van den Heuvel et al., 2015) . 
| Tactile stimulation
| Video recording and behavioral annotation
All sessions were videotaped for purposes of offline coding of infant movements. During the session, a vertical interval time code (VITC) was automatically inserted on the video recording, which was aligned with the EEG record to the precision of one video frame (33 ms). The video record from each session was reviewed using coding software (James Long Company, Caroga Lake, NY), and trials in which the infant produced discernible body movements or there was poor contact between the wand and skin were marked and excluded from further analysis (see Section 2.4 for number of rejected trials).
| EEG methods
EEG was recorded using a stretch cap (EasyCap GmbH, Herrsching, Germany) with 25 electrode sites placed according to the international 10-20 system (Fp1, Fp2, F3, F4, F7, F8 , Fz, C1, C2, C3, C4, C5, C6, Cz, T7, T8, P3, P4, P7, P8, Pz, O1, O2, M1, M2). Scalp electrode impedances were accepted if they were below 30 kΩ. The signal from each electrode was amplified using optically isolated, custom bioamplifiers with high input impedance (~1 GΩ; SA Instrumentation, San Diego, CA) and was digitized using a 16-bit A/D converter (± 5 V input range). Bioamplifier gain was 5000 and the hardware filter (12 dB/octave rolloff) settings were 0.1 Hz (high-pass) and 100 Hz (low-pass). The signals were collected referenced to the vertex (Cz) with an AFz ground.
Data processing and analysis were carried out using a combination of the EEG Analysis System from James Long Company and the EEGLAB toolbox for MATLAB (Delorme & Makeig, 2004) .
Continuous EEG data were low-pass filtered at 40 Hz and re- 
| RE SULTS
Results are based on data from 25 60-day-old infants. A number of the participants were sleeping when they arrived at the laboratory or fell asleep prior to the start of the EEG session. Preliminary analy- 
| D ISCUSS I ON
The current experiment examined neural representations of the body in 60-day-old human infants. EEG was recorded while infants hand, the amplitude of this response was greatest over lateral electrodes (C4/C6), which overlie the 'hand region' as identified in older infants and adults (Ulmer, 2013) . For stimulation of the foot, the response was largest over the midline parietal electrode (Pz), which approximately overlies the foot region identified in older infants and adults (Hari et al., 1993; Nakamura et al., 1998) . For stimulation of the midline of the lip, the response was observed bilaterally over the central region, a pattern consistent with the literature on lip stimulation in adults (Disbrow, Hinkley, & Roberts, 2003; Hashimoto, 1988; Hoshiyama et al., 1996; Tamura et al., 2008) .
We chose to stimulate the midline of the lip both to assess the expected bilateral representation and also because it is easier to touch the same midline point, using the nose and philtrum as landmarks, than it is to touch a specific point to the side. We selected the upper lip because it is more stationary than the lower one, which is stretched and displaced by jaw movements. Future infant studies could attempt to stimulate the lower lip or one side of the lip to test for finer-grained differentiations within the oral region. Adult MEG studies have been able to differentiate cortical responses to various parts of the mouth including the upper lip, lower lip, and tongue (Disbrow et al., 2003; Hari et al., 1993; Nakamura et al., 1998) . Based on prior studies with adults (Dowman & Schell, 1999; Pfurtscheller et al., 1997) and older infants (Saby et al., 2015) , one might have expected responses to foot stimulation to be maximal at the midline central electrode (Cz), but we observed them at the midline parietal electrode (Pz). This finding of increased activity over the parietal region following foot stimulation is not surprising given that S1, at least in adults, is angled such that representations of the feet are consistently found to be posterior to those of the hands and face (Dowman & Schell, 1999; Hari et al., 1993; Nakamura et al., 1998) . Indeed, EEG studies with adults have observed activation at midline electrodes over both central and parietal regions following foot touch or electrical stimulation of the tibial nerve (Heed & Röder, 2010; Kakigi & Shibasaki, 1983; Kany & Treed, 1997) . Consistent with these findings, in prior EEG work with older infants, stimulation of the feet was also associated with increased activity over the midline parietal region (see Saby et al., 2015 , Figure 2 scalp maps). However, in that study with 7-month-old infants, the response to foot stimulation was greatest at Cz, as it is in adults. The lack of comparable activity at Cz in the current study using 60-day-olds may be due to The statistical analyses demonstrated that the mean amplitude of the SEP responses was significantly greater for the lip compared to the hand and foot (see Figures 1 and 2 ). Research with adults shows that neural responses to stimulation of the lips, tongue, and fingertips-body parts that are overrepresented in the brain ('cortical magnification')-are stronger than to stimulation of body parts that have less neural tissue devoted to them such as the chin or trunk (Nakamura et al., 1998; Nevalainen, Ramstad, Isotalo, Haapanen, & Lauronen, 2006; Nguyen, Tran, Hoshiyama, Inui, & Kakigi, 2004) . We speculate that the strong infant SEP response to lip stimulation reflects cortical magnification of the oral region in the infant sensory homunculus. Such enlarged lip representations may be engendered both by experiencedependent (prenatal lip movements) and experience-expectant (evolutionary preparation for speech articulations) processes.
This raises questions about developmental change and neuroplasticity. Changes in somatotopic body representations following training (or injury) are foundational findings in human cognitive neuroscience (Buonomano & Merzenich, 1998; Bütefisch et al., 2000; Elbert, Pantev, Wienbruch, Rockstroh, & Taub, 1995) as well as in animal models (Kaas & Rothemund, 2006) . The plasticity of neural body maps in human infants has not been systematically investigated. Longitudinal studies could profitably examine whether there is an expansion of the neural regions devoted to fingertips as infants gain experience with precision grips, toes as infants begin to walk, and oral articulators as infants begin to speak.
The current findings regarding infant lips are especially intrigu-
ing. An EEG study with adults showed that neural responses to a touch on the lips were enhanced when participants listened to bilabial stops (/p/) versus speech sounds that did not involve the lips as the place of articulation (/k/), or nonspeech sounds made by the hands (finger snaps) (Shen, Meltzoff, & Marshall, 2018) . In infancy, cross-modal effects involving lips have been documented in studies of auditory-visual speech perception (infant 'lip reading') and vocal imitation (Kuhl & Meltzoff, 1982 . The role of somatosensory cortex in infant speech perception and production is of deep interest to developmental theory. For example, infants cannot see their own lips and may use tactile information-registering 'lips touching together'-to guide their production of bilabial phonetic units, as in 'mama' or 'papa'.
The study of infant neural body maps also sheds light on socialcognitive development. Before spoken language, bodily imitation is one of the primary mechanisms for infant learning from and about people (Meltzoff, 2013; Meltzoff, Kuhl, Movellan, & Sejnowski, 2009; Tomasello, 1999) . In order to imitate, infants need to identify what part of the body to move as well as how to move it. Recognizing the correspondence between my hand and your hand is crucial for manual imitation. Cognitive models of imitation have hypothesized that such 'organ identification' is a key first step in infant imitation (Meltzoff & Moore, 1997) . Historically, the neural and perceptual underpinnings of organ identification have been unstudied in infancy with a few exceptions (Filippetti, Johnson, Lloyd-Fox, Dragovic, & Farroni, 2013; Jubran, White, Chroust, Heck, & Bhatt, 2018; Somogy et al., 2017) . Further studies on how the infant body is represented in the infant brain will contribute to our understanding of the mechanisms underlying infant imitation and the development of the infant body schema.
In adults, the neural representation of one's own body is theorized to influence social perception (e.g. Keysers et al., 2010) .
Building on this, a study with 7-month-old infants found that neural regions activated when infants were touched on their own hands (or feet) overlapped with the neural regions activated when infants merely observed someone else's hands (or feet) being touched . Infants who saw the touch of another person's hands or feet showed activation in their somatosensory cortex not simply their visual cortex. These findings document shared neural representations for 'felt' touch and 'observed' touch in infants.
Related work using a different methodology reported that infants' EEG responses to tactile stimulation were modulated by observing touch . It thus seems likely that infant neural body maps are not simply registering the infant's own body but also the bodies of others, which could thereby contribute to preverbal social perception.
The neural representation of the body in the infant's brain may be a building block not only for infant imitation but also for infants'
'felt' connectedness between themselves and other people. Further study of infant neural body representations promises to provide insights into long-standing questions about infants' primitive sense of self and their capacities for rapid social learning.
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